The performance of six predictive models for Listeria monocytogenes was evaluated using 1014 growth responses of the pathogen in meat, seafood, poultry and dairy products. The performance of the growth models was closely related to their complexity i.e. the number of environmental parameters they take into account. The most complex model included the effect of nine environmental parameters and it performed better than the other less complex models both for prediction of maximum specific growth rates (µ max values) and for the growth boundary of L. monocytogenes. For this model bias and accuracy factors for growth rate predictions were 1.0 and 1.5, respectively, and 89% of the growth/nogrowth responses were correctly predicted. The performance of three other models, including the effect of five to seven environmental parameters, was considered acceptable with bias factors of 1.2 to 1.3. These models all included the effect of acetic acid/diacetate and lactic acid, one of the models also included the effect of CO 2 and nitrite but none of these models included the effect of smoke components. Less complex models that did not include the effect of acetic acid/diacetate and lactic acid were unable to accurately predict growth responses of L. monocytogenes in the wide range of food evaluated in the present study. When complexity of L. monocytogenes growth models matches the complexity of foods of interest, i.e. the number of hurdles to microbial growth, then predicted growth responses of the pathogen can be accurate. The successfully validated models are useful for assessment and management of L. monocytogenes in processed and ready-to-eat (RTE) foods.
Introduction 49
Evaluation of predictive microbiology growth models includes a comparison of predicted 50 growth responses with those observed in food. Typically, food data are obtained from challenge 51 tests with inoculated products but data from naturally contaminated food are important and should 52 be used when they can be obtained. These evaluations and the resulting indices of performance (e.g. 53 bias and accuracy factors) are important to determine if a predictive model can be used with 54
confidence. In addition, model evaluations help identify the range of products, product 55 characteristics and storage conditions where predictions are sufficiently accurate to be useful 56 (Augustin et al., 2005; Dalgaard and Jørgensen, 1998; Ross, 1996 ; te Giffel and Zwietering, 1999) . The number of environmental parameters included in the models evaluated varied between 120 one and nine. The least complex models did not take into account the effect of acetic acid/diacetate 121 and lactic acid, although these are important preservatives added to some of the products considered 122 in this evaluation of models. The simple models were studied to determine the difference in model 123 performance when compared to the more complex models including the combined effect of these 124 organic acids and other product characteristics (Tables 2 and 3) . The cardinal parameter model of Augustin et al. (2005) included the effect of temperature, 137 a w , pH, smoke components (measured as the concentration of phenol), nitrite, CO 2 and interactions 138 between these environmental parameters (Eqn. 2). This model was developed to predict growth and 139 the growth boundary of L. monocytogenes in dairy, meat and seafood products. Augustin et al. 140 (2005) estimated optimal specific growth rates (µ opt values) for each of the product categories by 141 fitting their model to growth data obtained from dairy (n = 340), meat (n = 324) and seafood (n = 142 80) products. In the present study we used their µ opt values of 1.168, 0.565, 1.168 and 0.742/h for 143 meat, seafood, poultry and dairy products, respectively (Augustin et al. 2005 where a w is the water activity; nit is the concentration (mM) of undissociated sodium nitrite; phe is 146 the concentration (ppm) of smoke components (phenol); CO 2 is the CO 2 proportion; and ξ is the 147 effect of interactions between the environmental parameters. CM n (X) is defined by Eqn. 3; SR(a w ) 148 by Eqn. 4; and SR(nit), SR(phe) and SR(CO 2 ) by Eqn. 5. Abbreviations CM n and SR were included 149 as used by Augustin et al. (2005) . 
where MIC is the minimal inhibitory concentration of undissociated sodium nitrite (mM), phenol 158 (ppm) or CO 2 (proportion) against L. monocytogenes; and c is the concentration of undissociated 159 sodium nitrite (mM), the concentration of phenol (ppm) or the proportion of CO 2 . The effect of 160 interactions between the environmental parameters (ξ) in Eqn. 2 was modelled using the approach 161 of Le Marc et al. (2002) . The value of ξ was calculated according to Eqn. 6, with contributions from 162 the different environmental parameters as shown in Eqn. 7 and Eqn. 8. In Eqn. 8, the ψ-value is 163 determined from sets of environmental parameters (e i ), and it describes how far specific 164 combinations of product characteristics and storage conditions are from the predicted growth 165 boundary (ψ = 1.0) (Le Marc et al., 2002) . 166
where ξ is the term modelling the effect of interactions between the environmental parameters on 168 pH, acetic acid, lactic acid and interactions between these environmental parameters (Eqn. 9). This 182 model was developed to predict growth and the growth boundary of L. monocytogenes in pork 183 products, and its structure was derived from the model of Augustin et al. (2005) . An optimal 184 specific growth rate (µ opt value) of 0.85/h was determined from growth of L. monocytogenes in 185 ground pork (Zuliani et al. 2007) . 186
where OA represents the concentration (mM) of undissociated acetic or lactic acid. Zuliani et al. 188 (2007) suggested that the antimicrobial effect of acetic and lactic acid should be modelled as the 189 effect of the dominating undissociated acid alone (Eqn. 10 or 11). 190 The cardinal parameter model of PURAC has been developed to predict growth of L. 206 monocytogenes in cured and uncured cooked meat and poultry products and includes the effects of 207 temperature, NaCl/a w , pH, acetic acid/diacetate and lactic acid (added as acid or as lactate) but not 208 the effect of interaction between these parameters. In addition, the effect of a fixed concentration of 209 nitrite can be included or excluded (Table 1; The DMRI model is available on-line (See Table 1 ) and growth curves (log CFU/g) are 237
simulated by using the Log-transformed three-parameter logistic model without lag-time and 238 including a constant maximum population density of 10 8.7 CFU/g. 239
The cardinal parameter model of Mejlholm and Dalgaard (2009) monocytogenes in processed and RTE foods were collected to evaluate the performance of the six 274 predictive models for growth of this pathogen (Table 1 ). Data for model evaluation were collected 275 from 37 independent sources (publications, research institutes and companies) and represented more 276 than 20 different types of meat, seafood, poultry and non-fermented dairy products (Table 2 and 3) . 277
A total of 737 data sets were supplied by the participants of the present study including both 278 previously published and unpublished data ( Table 2 ). In addition, data from 277 experiments were 279 obtained from the literature of other workers (Table 3 ). The number of experiments involving 280 products that were naturally contaminated with L. monocytogenes was 13, whereas for the 281 remaining 1001 experiments the products were inoculated with the pathogen. For each of the 1014 282 experiments, information on growth of L. monocytogenes was obtained together with product 283 characteristics and storage conditions of the specific product. Fifty percent of the products included 284 added acetic acid/diacetate and/or lactic acid. Growth of L. monocytogenes was described by the 285 maximum specific growth rate (µ max , 1/h) and by growth and no-growth responses. Growth rates 286 (µ max , 1/h) were obtained (i) directly from the reported data; (ii) by fitting growth curves of L. 287 monocytogenes with the integrated and log-transformed form of the four-parameter Logistic model 288 (Dalgaard, 1995) or (iii) by linear-regression using data from the exponential part of published 289 graphs. To differentiate between growth and no-growth, the latter was defined as an increase in L. (Table 1) . 305
For 474 of the 1014 experiments one or more of the relevant environmental parameters were 306 not reported (See Table 2 and 3). In those cases it was assumed that the products contained 3.5 % 307 water phase salt (WPS) (n = 112), 0.70 % water phase lactic acid equivalent to 78 mM (n = 172) 308
and had a pH value of 6.2 (n = 92). These values, however, were not used for the liquid non-309 fermented dairy products where 0.9% NaCl and pH 6.7 were assumed (Table 3) . For 160 310 experiments a concentration of 6.0 ppm phenol was assumed for products that typically are smoked 311 (i.e. ham, sausages and smoked salmon) if no information on the content of smoke components was 312
given. To establish this value for smoke components data from previous studies were considered 313 and in addition various ready-to-eat meat products (i.e. ham and sausages) were analysed using a 314 spectrophotometric method (Cardinal et al., 2004; Mejlholm and Dalgaard, 2007b) . From a total of 315 12 samples, the average content of smoke components was determined as 5.8 ± 2.1 ppm phenol. For 316 90 experiments the content of nitrite was assumed to be 50 ppm if this preservative was described to 317 be part of the product formulation, but no concentration was reported. If not measured, the 318 equilibrium concentration of CO 2 in the headspace of modified atmosphere packed (MAP) products 319 was calculated using the initial gas to product ratio and Henry's constant at the appropriate storage 320 temperature (Ross and Dalgaard, 2004) . Concentrations of diacetate were converted to equivalent 321 concentrations of acetic acid to be used with predictive models including the effect of acetic acid 322 but not diacetate (Table 1) . 323 324
Indices of model performance 325
Predicted and observed growth rates (µ max , 1/h) of L. monocytogenes were compared by 326 calculation of bias and accuracy factors (Ross, 1996) . The bias factor indicates a systematic over-or 327 underestimation of growth rates and the accuracy factor is a measure of the average difference 328 between observed and predicted µ max values (Eqn. 18 and Eqn. 19). The bias factor values were 329 calculated so that numbers higher than 1 always indicated that predicted growth was faster than 330 observed growth (Eqn. 18). As an example, a bias factor of 1.25 indicates that predicted growth 331 rates on average is 25% faster than observed growth rates. 332 To graduate the performance of the predictive growth rate models for L. monocytogenes, the 337 following interpretation of the bias factor values were used (Ross, 1999) 
Evaluation of predictive models 357
In the present study, six predictive models for L. monocytogenes were evaluated using bias 358 and accuracy factors as performance indices for growth rates (µ max values), and the percentage of 359 correct, fail-dangerous and fail-safe predictions as performance indices for growth/no-growth 360 responses. Models that predict growth to be too fast (bias factor > 1.0) should be used with caution 361 e.g. for product development or risk assessment, as this might result in an excessive use of 362 preservatives or an overestimation of the risk associated with L. monocytogenes. On the other hand, 363 prediction of too slow growth (bias factor < 1.0) might result in foods that allow growth of L. 364 monocytogenes or an underestimation of the risk. To be considered good or acceptable, growth rates 365
should not be over-or under-predicted by more than 43% and 13%, respectively, corresponding to a 366 bias factor of between 0.87 and 1.43 (Ross, 1999) . (Table 4) . 369
The model predicted growth of L. monocytogenes for all experiments resulting in a high percentage 370 of fail-safe predictions (Table 5) . This model was developed to predict growth of L. monocytogenes 371 in cold-smoked salmon. When evaluated for seafood in the present study (with 86% of the samples 372 being cold-smoked salmon) predicted growth rates were 70% faster than the observed ones (Table  373   4 cold-smoked salmon. Differences between the product characteristics in those studies and of the 380 products evaluated here (Table 2 and Table 3) (Table 4) . Seventy-six percent of the growth/no-growth responses 385
were correctly predicted with the incorrect ones being distributed as nine and 15% fail-dangerous 386 and fail-safe predictions, respectively. The conservative performance of this model was mainly 387 explained by the fact that it did not include the effect of acetic and lactic acid (Table 1) . Dividing 388 the data set, average bias and accuracy factors of 1.2 and 1.9 were found for products without 389 addition of acetic acid/diacetate and lactic acid (n = 392) whereas corresponding values of 3.1 and 390 3.3 were determined for products added these two organic acids (n = 211) (Fig. 1) . The model of 391 Augustin et al. (2005) was developed for growth of L. monocytogenes in dairy (n = 340), meat (n = 392 324) and seafood (n = 80) products without added acetic acid/diacetat and lactic acid. The present 393 study showed that the average performance of the model was acceptable for products without acetic 394 acid/diacetate and lactic acid whereas it should not be used to quantitatively evaluate growth of L. 395 monocytogenes in food in which these organic acids have been added (Fig. 1) . 396 (Table 4) . The model does not take into account the effect of smoke 404 components, nitrite and CO 2 . For products including these environmental parameters (n = 447) 405 growth rates of L. monocytogenes were overestimated by 40% compared to 30% for the entire data 406 set (Table 4) . Thus, expanding the model of Zuliani et al. (2007) with one or more of these 407 environmental parameters will most likely improve its growth rate predictions. However, such an 408 expansion is also likely to increase the already high percentage of fail-dangerous predictions for 409 growth/no-growth responses (Table 5) . 410
Average bias and accuracy factors of 1.3 and 1.7 were found for the PURAC model when all 411 data were evaluated. The PURAC model was originally developed for RTE cured and uncured meat 412 and poultry products. It also performed well for seafood and non-fermented dairy products but 413 predicted µ max values were higher than observed for ham/cold-cuts (Table 4) . This model did not 414 include the effect of smoke components and CO 2 (Table 1) . Growth rates of L. monocytogenes were 415 overestimated by 51% for products including phenol and CO 2 in the packaging atmosphere (n = 416 449) whereas for all products µ max values were only over-predicted by 29%. Consequently, an 417 expansion of the PURAC model with the effect of phenol and CO 2 would most likely improve its 418 performance for growth rate prediction in food products where these factors are relevant. Seventy-419 one percent of the growth/no-growth responses were correctly predicted with zero and 29 percent of 420 the predictions being fail-dangerous and fail-safe, respectively (Table 5) when interaction between environmental parameters was taken into account (Table 6 ). In the same 430
way, the PURAC model may be improved by modelling the effect of interaction between 431 environmental parameters. 432
The DMRI model was developed for pasteurized RTE meat products but with average bias 433 and accuracy factors of 1.2 and 1.6 its performance was considered good or acceptable for all 434 product categories (Table 4) . Eighty-three percent of the growth/no-growth responses were 435 correctly predicted, whereas four and 13% of the predictions were fail-dangerous and fail-safe, 436 respectively (Table 5 ). It should be noted that 418 growth responses in meat of the total of 1014 437 growth responses evaluated was used to develop the DMRI model. This may influence the 438 evaluation of this model. However, when evaluated on the remaining part of the data (n = 596), the 439 obtained performance indices for growth rates and growth/no-growth responses were almost 440 identical to the ones for all data. The DMRI model did not include the effect of smoke components 441 (Table 1) . When products including phenol (n = 142) were evaluated alone, average bias and 442 accuracy factors of 1.4 and 1.6 were obtained. This indicates that the already good performance of 443 this model could be improved by including the effect of phenol and this may reduce the percentage 444 of fail-safe predictions and increase the percentage of correct predictions. With average bias and 445 accuracy factors of 1.3 and 1.6 the DMRI model predicted growth rates to be slightly higher than 446 observed for liquid non-fermented dairy products whereas this was not the case for the five cardinal 447 parameter models (Table 4) . Growth of bacteria in liquid compared to solidified media has been 448 observed to result in higher growth rates and less restricted growth limits (Koutsoumanis et al. 449 2004; Theys et al. 2008). Therefore, the DMRI model, developed using data for growth of L. 450 monocytogenes in pateurized meat products (solid), would be expected to underestimate growth 451 rates in liquid non-fermented dairy products. The opposite was observed and this may be due to the 452 fact that the liquid dairy products, with high pH and no added salt, did not include the product 453 characteristics used to train the ANN model. Nevertheless, the performance of this model was 454 acceptable for liquid non-fermented dairy products (Table 4) . 455
The model of Mejlholm and Dalgaard (2009) included the effect of more environmental 456 parameters than the other models in the present study (Table 1) . On average it performed better than 457 the less complex models both with respect to prediction of growth rates (µ max values) and 458 growth/no-growth responses of L. monocytogenes (Tables 4 and 5 ). Average bias and accuracy 459 factors of 1.0 and 1.5 were obtained for all data, and 89% of the growth/no-growth responses were 460 correctly predicted (Fig. 2 , Tables 4 and 5). Five percent of the predictions were fail-dangerous and 461 six percent were fail-safe. This model was originally developed for processed and RTE seafood, but 462 importantly, it also performed well for meat, poultry and non-fermented dairy products (Table 4) . 463
However, for pork loin where growth was predicted (n = 30), bias and accuracy factors of 0.8 and 464
1.5 indicated that predicted µ max values were slightly lower than those observed (Table 4, Table 5 ). 465
The good overall performance of this model (Fig. 2) suggests that it contained the effect of relevant 466 environmental parameters and that its range of applicability includes temperature (2-25 °C); pH (5.4 467 to 7.7), nitrite (0 to 150 ppm), water phase lactic acid (< 6.1 % equivalent to < 677 mM) and water 468 phase diacetate (< 0.38% equivalent to < 32 mM), with the range of the other environmental 469 parameters being as reported previously ( (Table 4 ). This supports that smoke components had an 477 important and predictable inhibitory effect on growth of L. monocytogenes in the evaluated smoked 478 seafood (n = 148). For meat products, concentrations of smoke components have not typically been 479 reported in studies concerning growth of L. monocytogenes. However, smoked meat products can 480 contain from 2.6 to 37 ppm of phenol (Lustre and Issenberg, 1970 ) and smoke components 481 originating from wood smoke and corresponding to above ca. 10 ppm of phenol have an important 482 inhibitory effect on growth of L. monocytogenes (Mejlholm and Dalgaard, 2007a ). Thus, one 483 explanation of why predicted growth rates in ham and cold-cuts were higher than observed (Table  484 4) could be that a significant number of these products actually contained wood smoke components 485 corresponding to more than 10 ppm of phenol. This suggests it is relevant, in future studies, to 486 further quantify, predict and evaluate the antilisterial effect of smoke components in meat products. respect, the available models that allow quantification of the 'distance' to the growth boundary can 515 be useful in design of experiments to improve understanding of the stresses and molecular aspects 516 of L. monocytogenes close to the growth boundary and under no-growth conditions. 517 518
Distance to the growth boundary (psi-value) 519
The incorrectness of fail-dangerous and fail-safe predictions can be described quantitatively responses of the pathogen in this product (Fig. 3) . Nine of the growth/no-growth responses (69 %) 530
were correctly predicted whereas four were fail-dangerous (i.e. no-growth predicted when growth 531 was actually observed) with ψ > 1.0 (Fig. 3) . However, the four fail-dangerous predictions were 532 placed close to the growth boundary with an average ψ-value of 1.07 ± 0.05 (mean ± SD). These 533 incorrect predictions can be due to limitations of the model and/or variability in product 534 characteristics and storage conditions resulting in differences between the conditions used to obtain 535 the predictions and conditions to which the growing cells of L. monocytogenes were actually 536 exposed. For all data in the present study, the model of Mejlholm and Dalgaard (2009) gave 47 fail-537 dangerous predictions (5%) with an average ψ-value of 1.22 ± 0.31 (mean ± SD) whereas the 59 538 fail-safe predictions had an average ψ-value of 0.67 ± 0.18 (Table 6) (Fig. 4) . The model of Hwang (2009b) predicted high 563 concentrations of phenol (smoke components) to limit growth L. monocytogenes much less than 564 predicted by the model of Mejlholm and Dalgaard (2009) (Fig. 4a) (Fig. 4b) . At 571 their present state of development, probability models for the growth boundary of L. monocytogenes 572 includes the effect of fewer environmental parameters and therefore seems less performant than the 573 available cardinal parameter models relying on the Le Marc approach to take into account the effect 574 of interactions between environmental parameters on the growth boundary of the pathogen. 575
Comparison of environmental conditions to reduce and prevent growth of L. monocytogenes, 576 determined from ψ-values as described above, with the conditions predicted by dedicated stochastic 577 models would be of interest. Stochastic models with the ability to describe variability (natural 578 heterogeneity) and uncertainty (lack of perfect knowledge e.g. due to measurement errors) are 579 desirable for exposure and risk assessment studies (CAC, 1999). The present study suggests that 580 rather complex models are needed to reduce bias when growth of L. monocytogenes in RTE foods is 581 predicted. It remains a challenge to develop stochastic models with a comparable degree of 582 complexity. Finally, when models for growth of L. monocytogenes are evaluated it must be kept in 583 mind that growth to high concentrations can be influenced by the inhibiting effect of the dominating 584 microflora in some foods (the Jameson effect). Both, deterministic and stochastic models are 585 available that predict the antilisterial effect of other microorganisms in high concentrations 586 naturally occurring L. monocytogenes, in the present study, was due to difficulties in finding storage 591 trials where both growth of the pathogen and the relevant product characteristics were quantified 592 (See Code S1 in Table 2 and Table 4 ). The thirteen growth/no-growth responses studied for 593 naturally contaminated cold-smoked salmon resulted in 62% correct and 38% fail-safe predictions 594 for the model of Mejlholm and Dalgaard (2009) . These fail-safe predictions support the conclusion, 595 from previous more detailed studies of naturally contaminated products, that both the Jameson 596 effect and the lag phase of L. monocytogenes are important to accurately predict its growth in 597 naturally contaminated cold-smoked salmon (Mejlholm and Dalgaard, 2007b) . 598 599
Conclusion 600
The present study showed that growth rate and conditions that in combination prevent growth 601 of L. monocytogenes in RTE foods can be predicted and that predictive models with a relevant 602 degree of complexity can successfully predict growth responses of L. monocytogenes in fresh and 603 processed RTE foods. In fact, predictions with good precision can be obtained when the complexity 604 of the applied mathematical models match the complexity of the foods of interest with respect to the 605 number of environmental parameters influencing growth of the pathogen. The model evaluations 606 undertaken showed sufficiently complex models can predict growth responses accurately for fresh 607 products without added antimicrobials as well as for products with salt, nitrite, organic acids and 608 smoke components. However, simple models including the effect of a few environmental 609 parameters were unable to accurately predict growth responses in complex foods. Importantly, 610 models that were previously developed and successfully validated for a specific type of foods (e.g. 611 meat or seafood) also performed well for other categories of products. This indicates that predictive 612 models can be generally applicable when all relevant environmental parameters are taken into 613 account. The successfully validated predictive models will be valuable for future assessment and 614 management of L. monocytogenes in food. 
